A central component of receptor-evoked Ca 2+ signaling is store-operated Ca 2+ entry (SOCE), which is activated by the assembly of STIM1-Orai1 channels in endoplasmic reticulum (ER) and plasma membrane (PM) (ER-PM) junctions in response to depletion of ER Ca 2+ . We report that STIM2 enhances agonist-mediated activation of SOCE by promoting STIM1 clustering in ER-PM junctions at low stimulus intensities. Targeted deletion of STIM2 in mouse salivary glands diminished fluid secretion in vivo and SOCE activation in dispersed salivary acinar cells stimulated with low concentrations of muscarinic receptor agonists. STIM2 knockdown in human embryonic kidney (HEK) 293 cells diminished agonist-induced Ca 2+ signaling and nuclear translocation of NFAT (nuclear factor of activated T cells). STIM2 lacking five carboxylterminal amino acid residues did not promote formation of STIM1 puncta at low concentrations of agonist, whereas coexpression of STIM2 with STIM1 mutant lacking the polybasic region STIM1DK resulted in co-clustering of both proteins. Together, our findings suggest that STIM2 recruits STIM1 to ER-PM junctions at low stimulus intensities when ER Ca 2+ stores are mildly depleted, thus increasing the sensitivity of Ca 2+ signaling to agonists.
INTRODUCTION
Store-operated calcium entry (SOCE) is a critical mechanism that provides local and global Ca 2+ signals, which regulate a broad range of physiological functions in many cell types. SOCE is activated in response to depletion of endoplasmic reticulum (ER)-Ca 2+ stores. Physiologically, this is achieved as a result of agonist-stimulated inositol 1,4,5-trisphosphate (IP 3 ) generation and release of ER Ca 2+ through the IP 3 receptor (IP 3 R). Experimental paradigms to activate SOCE include treatment of cells with blockers of the ER Ca 2+ pump, which result in passive leak of Ca 2+ from the ER through as yet undefined pathway(s). SOCE is achieved primarily by the gating of the plasma membrane (PM)-localized channel Orai1 by the ER-localized Ca 2+ -sensing protein STIM1 (1) (2) (3) (4) (5) (6) . STIM1 is proposed to exist as dimers in resting cells. In response to depletion of ER Ca 2+ , STIM1 undergoes conformational changes that promote multimerization of the protein and translocation to specific ER-PM junctions, where the ER and PM are juxtaposed. At these sites, STIM1 accumulates as clusters, referred to as puncta, which in turn determine recruitment of Orai1 into the ER-PM junctions, resulting in STIM1-Orai1 interaction and activation of SOCE (1, 7, 8) . Furthermore, these junctions also provide a platform for the assembly and recruitment of numerous proteins, including other ion channels [for example, transient receptor potential C1 (TRPC1) (9) ], CRAC (calcium release-activated calcium) channel regulators [for example, SARAF (10) ], cytoskeletal-and phosphatidylinositol 4,5-bisphosphate (PIP 2 )-binding proteins [for example, septin (11) ], transcription factors [for example, nuclear factor of activated T cells (NFAT) (12) ], and enzymes [for example, adenylyl cyclase (13) ]. Thus, assembly of Orai1 and STIM1 within the ER-PM junctions is associated with a SOCE-signaling complex that provides crucial short-and long-term Ca 2+ signals, which control such cellular activities as secretion, lymphocyte activation, gene expression, and growth.
STIM2 is a second ER-localized Ca 2+ sensor protein that has been associated with SOCE and Ca 2+ signaling. It is ubiquitously expressed with STIM1 in human and mouse tissues as well as cell lines (14) . Both STIM1 and STIM2 have a Ca
2+
-binding EF-hand domain, a sterile a motif (SAM) domain, coiledcoil (CC) domains, a STIM1-Orai1 activating region (SOAR), and a polybasic domain. However, the Ca 2+ sensitivity and activation kinetics of STIM2 differ from those of STIM1 (15) . Like STIM1, STIM2 is also mobilized in response to ER Ca 2+ store depletion. It multimerizes and translocates to form puncta in ER-PM junctions, where it has been reported to cluster with Orai1 and STIM1 (8, (16) (17) (18) . However, STIM2 is a poor activator of Orai1 and SOCE as compared to STIM1. The key difference in efficiency of gating of Orai1 by the two STIM proteins has been narrowed down to Phe 394 that is present in STIM1-SOAR domain, but not in STIM2-SOAR, as well as the relatively weaker interaction of STIM2-SOAR domain with Orai1 (8) . Additionally, STIM1 puncta formation in the ER-PM junctions is triggered when ER Ca 2+ is relatively low, whereas STIM2 appears to form puncta with minimal depletion of ER Ca 2+ . The distinct responses of STIM1 and STIM2 to ER [Ca 2+ ] is likely to be physiologically important because relatively high levels of stimulation are required to substantially and globally deplete ER Ca 2+ stores, whereas low but physiologically relevant stimulus intensities induce less depletion (19) . When compared with STIM1, the relatively lower Ca 2+ affinity of the STIM2 EFhand domain, together with the kinetics of Ca 2+ dissociation, SAM domain stability, and the higher affinity of its polybasic domain for PM PIP 2 , enables STIM2 to cluster at ER-PM junctions in response to minimal depletion of ER Ca 2+ stores (16, (20) (21) (22) (23) (24) . Thus, STIM2 has been proposed to regulate Ca 2+ entry in unstimulated cells for maintenance of cytosolic Ca 2+ or to gate Orai1 at low concentrations of agonist stimulation (16, 25, 26) . In addition, decreases in SOCE and SOCE-dependent gene expression have been reported after targeted genetic knockout of STIM2 in mouse T lymphocytes and fibroblasts, but not in vascular smooth muscle cells (27, 28) .
We have examined the physiological role of STIM2 in agonist-induced Ca 2+ signaling and SOCE. Neurotransmitter stimulation of muscarinic cholinergic receptors in salivary glands increases fluid secretion by inducing a sustained elevation of [Ca 2+ ] i that is primarily dependent on activation of SOCE in acinar cells. The spatial pattern of [Ca 2+ ] i increase as well as the amplitude are important in determining the maximal secretory response in salivary and pancreatic gland acinar cells (29) . The SOCE-dependent increase in intracellular calcium concentration ([Ca 2+ ] i ) in salivary gland acinar cells regulates the activities of key ion channels that generate an osmotic gradient required to drive vectorial flow of water. STIM1 and Orai1 are necessary for agonist-dependent SOCE in these cells (30) . In addition, TRPC1 also contributes to agonist stimulation of fluid secretion as well as Ca 2+ entry activated by depletion of ER Ca 2+ , as shown by studies using TRPC1 −/− mice (31, 32) . TRPC1 is gated by STIM1 and dependent on Orai1 for activation (9 -dependent cell function in human embryonic kidney (HEK) 293 cells. Our findings suggest that STIM2 recruits STIM1 and increases formation of STIM1 puncta in ER-PM junctions at low stimulus intensities, and thus enhances the agonist sensitivity of STIM1-Orai1 channel complex assembly and SOCE activation.
RESULTS

Knockout of STIM2 in mouse submandibular gland diminishes agonist-stimulated fluid secretion
We assessed the physiological relevance of STIM2 by measuring salivary fluid secretion activated in response to muscarinic cholinergic receptors in vivo in a mouse model. We used STIM2 fl/fl mice to knock out STIM2 specifically in submandibular glands by in vivo delivery of AdCRE (adenovirus CRE)-GFP (green fluorescent protein) by cannulation of salivary gland secretory ducts and tested the mice 7 to 10 days after viral delivery.
Control STIM2
fl/fl mice received Ad-GFP. When stimulated with pilocarpine (0.25 mg/kg body weight), the total volume and rate of saliva secretion were significantly reduced in STIM2 fl/fl + Cre mice compared to the control group (Fig. 1, A and B) . There was no significant difference in saliva secretion between the groups when mice were stimulated with higher amounts of pilocarpine (0.5 mg/kg body weight). Further, at either concentrations of pilocarpine, saliva flow and total volume produced were similar in control wild-type and STIM2
fl/fl mice. Muscarinic receptor-dependent [Ca 2+ ] i increase was assessed in fura2-loaded acinar cells prepared from submandibular glands of STIM2 fl/fl + Cre mice and control mice by stimulation with increasing concentrations of the agonist carbachol (CCh). In acinar cells from control mice, CCh induced a dose-dependent, sustained [Ca 2+ ] i elevation (reflected by the increase in 340/380-nm fluorescence ratio shown in Fig. 1C ). This sustained [Ca 2+ ] i elevation is critical for fluid secretion and is dependent on Ca 2+ entry (29, 31, 32) . In cells from STIM2 fl/fl + Cre mice stimulated with low concentrations of CCh, 300 nM and 1 mM (Fig. 1, C and D was transient, and the amplitude was significantly reduced compared to the response in control cells. In contrast, at the highest concentration of CCh (100 mM), [Ca 2+ ] i increase was the same in cells prepared from control and STIM2 knockout glands. The recovery of function with the highest concentration of muscarinic agonist indicated that integrity of the glands was not compromised and that the secretory capability of the acinar cells was unaffected by knockout of STIM2. Moreover, glands from STIM2 fl/fl and STIM2 fl/fl + Cre mice were morphologically similar ( fig. S1A ). STIM2 abundance was specifically decreased in glands receiving AdCRE-GFP virus, whereas STIM1, TRPC1, and Orai1 abundance was unaffected ( fig. S1B) . Thus, loss of STIM2 specifically diminished agonist-dependent saliva secretion in vivo and was associated with a reduction in agonist-stimulated [Ca 2+ ] i increase in dispersed acinar cells.
Knockdown of STIM2 in HEK293 cells reduces agoniststimulated NFAT activation
Nuclear translocation of NFAT in HEK293 cells is dependent on SOCEgenerated [Ca 2+ ] i increase mediated by the STIM1-Orai1 complex (9, 12, 33, 34) . Activation of NFAT has been proposed to be an all-or-none event that is only triggered when local [Ca 2+ ] i near the Orai1 channel is raised above the threshold required for calmodulin-dependent activation of calcineurin (12, 34) . Calcineurin dephosphorylates NFAT, which then moves from the cytosol to the nucleus where it regulates gene expression. Using small interfering RNA (siRNA), we knocked down STIM2 in HEK293 cells expressing GFP-tagged NFAT (GFP-NFAT). Knockdown of STIM2 diminished CCh-stimulated GFP-NFAT translocation into the nucleus (Fig. 1E) . The proportion of cells displaying nuclear translocation of GFP-NFAT in response to stimulation with 1 or 100 mM CCh was significantly decreased in siSTIM2 cells as compared to that in control cells under the same conditions (Fig. 1F) . To determine if the cells were still capable of mediating SOCE and inducing NFAT translocation, we exposed the cells to thapsigargin (Tg) to completely deplete the ER Ca 2+ store. A similar proportion of siSTIM2 cells displayed GFP-tagged NFAT translocation as in control cells, suggesting that STIM2 was specifically important for the function of the STIM1-Orai1 channel when ER Ca 2+ stores are not completely depleted (Fig. 1F) .
STIM2 determines the amount of agonist stimulation needed for SOCE activation
To elucidate the contribution of STIM2 to SOCE mediated by STIM1-Orai1 channels, we examined the pattern of CCh-stimulated Ca 2+ responses over a range of stimulus intensities in individual HEK293 cells (control cells and after knockdown of endogenous STIM2). We verified that the siRNA specifically and efficiently reduced the abundance of STIM2 without affecting the abundance of STIM1 or Orai1 ( fig. S2A) (Fig. 2) . With increasing stimulus intensities (50 nM to 1000 mM), the CCh-induced Ca 2+ responses were variable, including very low or negligible responses, oscillations that returned to baseline between each peak (baseline oscillations) ( Fig. 2A and fig. S3 , A and B), oscillations that returned to a plateau of [Ca 2+ ] i above the baseline (Fig. 2B) , and a non-oscillating response that slowly decayed to a [Ca 2+ ] i greater than the baseline (elevated plateau) (Fig. 2, C fig. S2 , B and D, show the response in a single cell). Thus, the distinct patterns of the CCh-induced Ca 2+ responses correlated with the effect of STIM2 on SOCE. In addition, STIM2 knockdown also significantly reduced the frequency of oscillations but only at the lower concentrations of CCh. We calculated the baseline oscillations that occurred in the 300-to 600-s time frame, which primarily depended on SOCE, in cells exposed to 300 nM CCh and found a 59% reduction in the number of oscillations after STIM2 knockdown compared with control cells (4.59 ± 0.26 in siSTIM2 cells versus 10.48 ± 0.39 in control cells; n = 120 to 180 cells from five to six separate experiments; P < 0.05, Student's t test), whereas at 1 mM CCh, the number of oscillations in a subpopulation of the cells with baseline oscillations was similar (11.10 ± 0.52 in siSTIM2 cells versus 11.12 ± 0.56 in control cells; n = 120 to 190 cells from six separate experiments; P < 0.05, Student's t test). At higher stimulus intensities (1 to 1000 mM CCh), the sustained increases in [Ca 2+ ] i were converted to oscillatory responses in cells in which STIM2 was knocked down ( ] i increase at 300 s after CCh addition was primarily due to SOCE, because the intracellular Ca 2+ release component decayed to baseline less than 200 s after CCh addition in a Ca 2+ -free medium (insets in fig. S2 , B and D). Knockdown of STIM2 induced a right shift in the dose-response curve relative to that in control cells (Fig. 2E) , indicating that the presence of STIM2 increased the apparent CCh sensitivity of SOCE activation, which was consistent with the increase in the apparent K ½ [(CCh) required for half-maximal activation of SOCE] in the siSTIM2 cells and the decrease in the Hill coefficient (n H ). This decrease in the stimulus sensitivity of SOCE activation was also reflected by the reduction in the total number of cells displaying measurable changes in [Ca 2+ ] i at the lower concentrations of CCh. Whereas control cells typically displayed baseline oscillations at lower concentrations of CCh and elevated plateau responses at higher concentrations, siSTIM2 cells exhibited mixed responses with baseline oscillations in a large proportion of cells even at higher concentrations of CCh, with a corresponding decrease in the number of cells with an elevated plateau response (Fig. 2,  F and G) . Together, these data indicated that STIM2 reduces the amount of stimulus needed to activate SOCE.
STIM2 promotes the formation of STIM1 puncta in ER-PM junctions at low stimulus intensities
At the levels of stimulation that primarily produce oscillations in [Ca 2+ ] i , the ER Ca 2+ stores are not as depleted as in cells where higher stimulations produce an elevated plateau response. Therefore, we predicted that there would be comparatively less clustering of STIM1 in ER-PM junctions at the lower levels of stimulation. Relatively few studies have described movement of STIM1 and puncta formation in response to low levels of agonist stimulation (12, 19, 35) . Indeed, heterologously expressed YFP (yellow fluorescent protein)-STIM1 formed puncta only when cells were stimulated with 1 mM CCh in the absence of external Ca
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, which prevented refilling of the ER Ca 2+ store (19) . Here, we examined puncta formation of heterologously expressed STIM2, STIM1, or Orai1 that were tagged with fluorescent proteins [cyan fluorescent protein (CFP), YFP, or Cherry] in CCh-stimulated HEK293 cells using total internal reflection fluorescence (TIRF) microscopy. Consistent with the previous report (19) , we found that there was minimal clustering and puncta formation in YFP-STIM1-expressing cells in response to stimulation with 1 mM CCh (Fig. 3A) , which produced [Ca 2+ ] i oscillations in most of the cells (Fig. 2B ). Increasing the stimulus to 100 mM CCh in the same cell resulted in robust time-dependent increase in the number of puncta and the individual fluorescence intensities (Fig. 3, A and B) . In contrast, cells expressing YFP-STIM2 had a few puncta before stimulation, which increased in number and fluorescence intensity in response to stimulation with 1 mM CCh and further increased when the concentration of CCh was increased to 100 mM (Fig. 3, A and B) . When YFP-STIM1 and CFP-STIM2 were coexpressed, they colocalized to some extent before stimulation (Fig. 3C) . However, the number of puncta containing both proteins, as well as their individual fluorescence intensities within the puncta, increased at the lower stimulus intensity (1 mM CCh) and further increased when the [CCh] was raised to 100 mM (Fig. 3, C to E) . Quantitative analysis of the puncta fluorescence revealed that YFP-STIM1 extensively co-clustered with CFP-STIM2 (Fig. 3, C and E) . Depletion of ER Ca 2+ with Tg similarly induced coclustering of YFP-STIM1 and CFP-STIM2 in cells expressing both proteins ( fig. S4A ). We further confirmed that endogenous STIM1 and STIM2 also behaved similarly to the heterologously expressed proteins after agonist stimulation of cells. CCh stimulation of HEK293 cells induced a dose-dependent increase in coimmunoprecipitation of endogenous STIM2 with STIM1 when compared to resting cells (Fig. 3F) . Together, our findings indicate that STIM2 associates with STIM1 and promotes STIM1 clustering and puncta formation in ER-PM junctions at low stimulus intensities when there is minimal depletion of the ER Ca 2+ .
STIM2-dependent clustering of STIM1 increases the assembly of STIM1-Orai1 channel complexes at low stimulus intensities
We next examined the effect of STIM2 on the recruitment of Orai1 to STIM1 puncta in ER-PM junctions. Heterologous expression of Orai1-CFP alone does not result in the formation of Orai1 clusters within the PM in response to ER Ca 2+ depletion, even with maximal levels of stimulation (7, 36, 37) , whereas, when coexpressed with STIM1, Orai1-CFP clusters in response to ER Ca 2+ store depletion. Further, both proteins colocalize in puncta within ER-PM junctions, which have been identified as the site of SOCE (38) . STIM1 clusters have been proposed to bind and trap Orai1 channels within these junctions (7). Additionally, Orai1 can recruit a STIM1 mutant lacking the Cterminal polybasic domain (STIM1DK, which does not form puncta on its own) to the cell periphery by binding to the SOAR domain of STIM1DK (7). Thus, we examined whether coexpression of Orai1-CFP promoted the formation of YFP-STIM1 puncta in cells stimulated with low levels of agonist. Unlike coexpression of CFP-STIM2 (Fig. 3C) , coexpression of Orai1-CFP did not promote YFP-STIM1 puncta formation in response to 1 mM CCh, although co-clusters of YFP-STIM1 with Orai1-CFP were abundant at 100 mM CCh (Fig. 4A) . When YFP-STIM2 was expressed together with Orai1-CFP and Cherry-STIM1, all three proteins co-clustered within puncta in cells exposed to 1 mM CCh, and this co-clustering was increased in response to 100 mM CCh (Fig. 4B) . Line scans below the images confirmed the colocalization of Orai1-CFP, Cherry-STIM1, and YFP-STIM2 within the same puncta. We also detected an increase in the individual fluorescence intensities of the three proteins in puncta in cells exposed to increasing concentrations of CCh (Fig. 4B) . These data indicated that STIM2 enhanced the assembly of STIM1-Orai1 complexes by promoting STIM1 recruitment into puncta within ER-PM junctions under conditions that cause relatively little ER Ca 2+ store depletion. The EF-hand domain of STIM2 has a lower affinity for Ca 2+ , compared to that of STIM1, which accounts for its ability to sense small depletions in ER 
Ca
2+
. Mutation of three key residues in the EF-hand of STIM1 (STIM1 EF→STIM2 ) decreases its affinity for Ca 2+ to resemble that of STIM2 (16) . Unlike wild-type YFP-STIM1, 1 mM CCh induced the clustering of YFP-STIM1 EF→STIM2 , which was increased with subsequent addition of 100 mM CCh ( fig. S4B) , suggesting that the inability of STIM1 to cluster at low levels of agonist stimulation is due to the higher Ca 2+ affinity of its EF-hand domain.
The C-terminal polybasic domain of STIM2 is required for clustering of STIM1 in ER-PM junctions at low stimulus intensities
The polybasic domain, which is present in the C terminus of both STIM proteins, has been suggested to bind to PM PIP 2 and contribute to the stabilization of STIM puncta in the ER-PM junctions (1, 7, 23, 24) . A STIM1 mutant lacking the polybasic domain (amino acids 671 to 685, STIM1DK) fails to form puncta when expressed alone in cells even in response to stimulation (1). However, STIM1DK formed puncta after agonist stimulation when coexpressed with Orai1 (7). To assess the role of the polybasic domain in STIM2 in puncta formation, we created a mutant for YFP-STIM2 (STIM2DK5) that lacks the last five amino acids (amino acids 829 to 833) at the end of the polybasic domain. YFP-STIM2DK5 did not display puncta formation in response to ER Ca 2+ store depletion by Tg when expressed alone or together with Orai1-CFP (Fig. 5, A and B) . Unlike wild-type YFP-STIM2 (Fig. 3C) , coexpression of YFP-STIM2DK5 with CFP-STIM1 did not promote formation of STIM1 puncta at low stimulus intensity (1 mM CCh) or in response to high level of stimulus (100 mM CCh) (Fig. 5C) . Furthermore, when Orai1-CFP was coexpressed in cells together with Cherry-STIM1 and YFP-STIM2DK5, only Cherry-STIM1 and Orai1-CFP strongly co-clustered and only at higher [CCh], whereas YFP-STIM2DK5 did not show clustering at either [CCh] (Fig. 5E) .
To examine the effect of the STIM2DK5 on endogenous SOCE, we measured CCh-stimulated Ca 2+ responses in cells expressing this STIM2 mutant. Similar to the effect seen in siSTIM2 cells (Fig. 2) , expression of YFP-STIM2DK5 diminished and altered the pattern of [Ca 2+ ] i increases in single cells stimulated with either low (Fig. 5F ) or high (Fig. 5G ) levels of stimulus, consistent with a decrease in the agonist sensitivity of SOCE activation. These findings indicate that the polybasic domain of STIM2 plays a critical role in STIM1-Orai1 assembly and thus activation of SOCE at low stimulus intensities.
To further understand the molecular interactions involved in the recruitment of STIM1 by STIM2, we examined whether STIM1 polybasic domain is also required for the clustering of both STIM proteins. In contrast to STIM1, STIM1DK (mutant lacking the C-terminal polybasic domain), when expressed alone, aggregated within the ER but did not cluster and form puncta in the cell periphery in response to ER Ca 2+ store depletion (7). However, when Orai1 was coexpressed with STIM1DK, the two proteins co-clustered in response to store depletion, and SOCE was activated (7) . Consistent with this previous study (7) , when Orai1-CFP and YFP-STIM1DK were coexpressed, they co-clustered and formed puncta when ER Ca 2+ was depleted with Tg, whereas YFP-STIM1DK did not form puncta under these conditions when expressed alone ( fig. S5, A and B) . Coexpression of CFP-STIM2 with YFP-STIM1DK resulted in formation of puncta containing both STIM proteins in response to Tg (Fig. 6A) . Additionally, we detected YFP-STIM1DK puncta both at low and high levels of stimulus in cells coexpressing CFP-STIM2 (Fig. 6, B and C) . These findings suggested that (i) STIM2 is sufficient to promote ER Ca 2+ depletion-dependent STIM1 puncta formation, and (ii) the association between STIM2 and STIM1 is dependent on the polybasic domain of STIM2.
DISCUSSION
The data herein revealed a role for STIM2 in modulating the agonist sensitivity of SOCE activation and Ca 2+ signaling. We found that targeted knockout of STIM2 in exocrine salivary glands of STIM2 fl/fl mice decreased fluid secretion in vivo after stimulation with relatively low concentrations of muscarinic cholinergic receptor agonist. This decrease was associated with a reduction in the sustained [Ca 2+ ] i increase in acinar cells, the primary site of fluid secretion in salivary glands. This reduction in agonist-induced Ca 2+ responses was also more pronounced at relatively lower levels of stimulus. Further analysis of agonist-induced Ca 2+ signaling and clustering of STIM2, STIM1, and Orai1 at a single-cell level showed that STIM2 associated with and promoted STIM1 puncta formation in cells stimulated by low concentrations of agonist. Consequently, recruitment of Orai1 and the assembly of functional STIM1-Orai1 channel complexes were promoted within ER-PM junction, resulting in enhanced SOCE at low levels of stimulation. This effect of STIM2 at low concentrations of agonist, which are sufficient to produce a physiological response, is especially relevant because there is less depletion of ER Ca 2+ stores due to which less STIM1 would be mobilized. Therefore, we suggest that STIM2, by promoting STIM1 clustering when ER Ca 2+ depletion is minimal, enhances the sensitivity and physiological response to agonist stimulation.
STIM1 and STIM2 vary in the Ca 2+ affinities of their ER-luminal EF-hand domains (15, 16) . Thus, STIM2, which has a lower affinity for Ca 2+ than STIM1, can sense small decreases in the ER [Ca 2+ ] and cluster at the ER-PM junction. Because STIM1 has a relatively higher affinity for Ca 2+ , STIM1 can cluster and localize to the ER-PM junction only when the ER [Ca 2+ ] is substantially depleted. Indeed, STIM1 does not form puncta at low stimulus intensities, when ER Ca 2+ stores are minimally depleted (12, 19, 35) . With TIRF microscopy and heterologously expressed fluorescent protein-tagged STIM2, STIM1, and Orai1, we showed that STIM2 promotes clustering of STIM1 and the formation of puncta in ER-PM junctions at relatively low stimulus intensities. Expressed alone, low levels of stimulation did not induce clustering of STIM1, whereas in cells coexpressing STIM2, both proteins colocalized in puncta in response to stimulation with low concentrations of agonist. Further, mutations in the EF-hand domain of STIM1, which decrease the Ca 2+ affinity to resemble that of STIM2, induced STIM1 clustering in response to stimulation with low concentrations of agonist, indicating that the Ca 2+ affinity of the EF-hand domain is a primary determinant of the STIM response to changes in ER [Ca 2+ ]. Similarly, when expressed together, Orai1, STIM1, and STIM2 co-clustered in response to low amounts of stimulus. Nonetheless, our data indicated that STIM1 is the primary regulator of SOCE because loss of STIM1, but not STIM2, eliminated SOCE at all [CCh] tested. In contrast, loss of STIM2 altered the pattern of SOCE-dependent [Ca 2+ ] i increases: a sustained elevation in [Ca 2+ ] i commonly seen in cells stimulated at high concentrations of agonist was converted to a more oscillatory pattern of response, typically associated with lower stimulus intensity. On the basis of our data, we suggested that by enabling the assembly of functional STIM1-Orai1 channel complexes at low stimulus intensities, STIM2 enhances the agonist sensitivity of SOCE activation. Indeed, knockdown of STIM2 produced a 10-fold decrease in the apparent K ½ for SOCE activation induced by CCh and a significant decrease in the Hill coefficient values. It has been previously suggested that raising the concentration of agonist increases the number of cells that display Ca 2+ responses (34) . We suggest that STIM2 is a key determinant of the SOCE response in a cell and contributes to the overall responsiveness of a cell population (that is, the proportion of cells that exhibit robust SOCE). Previous studies have shown that mouse T cells and fibroblasts lacking STIM2 display a decrease in SOCE, cytokine production, and nuclear translocation of the transcription factor NFAT. Mice lacking both STIM2 and STIM1 develop autoimmune disease (27) . Reduced abundance of STIM2 impairs SOCE and Ca 2+ -dependent gene expression, contributing to neuronal disease in mutant presenilin mice (39) .
On the basis of our findings, we propose a model (Fig. 7) in which, before stimulation, STIM1 and STIM2 are diffusely localized within the ER and Orai1 is in the PM. To simplify the model, we have not displayed a dimer state for either STIM protein in resting (unstimulated) cells, although STIM1 may exist as a dimer in resting cells (40) . According to our model, stimulation with low concentration of agonist induces minimal depletion of ER Ca 2+ stores. In comparison to STIM1, STIM2 senses small changes in the ER [Ca 2+ ] and is mobilized and clusters within ER-PM junctions. We hypothesize that because the domains involved in STIM1-STIM1 interactions, such as the SAM and the CC domains, are conserved in STIM2, STIM2 could interact with STIM1 through these domains to form heteromeric STIM1-STIM2 complexes that can be recruited to ER-PM junctions. Thus, in the model, we show that STIM2 recruits STIM1 to these junctions when there is less ER Ca 2+ store depletion, conditions under which STIM1 cannot translocate on its own. Oligomerization of STIM1 is proposed to be sufficient to drive puncta formation and activation of SOCE (41) . Our study suggests that under conditions of minimal ER Ca 2+ store depletion, STIM2 is a critical protein that determines STIM1 clustering and puncta formation in ER-PM junctions, thus enhancing recruitment and activation of Orai1, enabling SOCE necessary for regulation of cell function at relatively low stimulus intensities.
We presented two additional findings that further support our model. First, we showed that STIM2 promotes recruitment of STIM1DK into puncta, presumably representing ER-PM junctions. STIM1DK lacks its polybasic tail domain and cannot form puncta on its own. Additionally, we showed that the STIM2 polybasic domain is required for promoting STIM1 clustering and assembly of STIM1-Orai1 at low concentrations of agonist. Expression of a STIM2 mutant lacking the five C-terminal amino acid residues decreased STIM1 puncta formation as well as agonist-mediated stimulation of SOCE. The STIM2 polybasic domain has been predicted to have a stronger binding efficiency to PM PIP 2 than that of STIM1 (24) . In vitro studies show that a dimer of STIM2 is sufficient for stable binding to the lipids, whereas a tetramer of STIM1 is required to achieve the same level of binding (24) . We propose that at lower levels of stimulation, the STIM2 polybasic domain provides sufficient positive charges required for the interaction of the STIM2-STIM1 complex with the PM and promotes the clustering of both proteins within ER-PM junctions. In contrast, stimulation with higher concentrations of agonist results in greater depletion of the ER Ca 2+ stores with more STIM1 mobilization, promoting formation of STIM1-STIM1 homomers and assembly of additional STIM1-Orai1 channels (Fig. 7) . Further studies will be required to resolve protein stoichiometry of the STIM2-STIM1-Orai1 channel complex, as well as the exact sequence of events and molecular interactions between STIM2-STIM1 that are involved in recruitment of STIM1 to microdomains where SOCE occurs at low stimulus intensities.
Previous studies with lymphocytes have shown that STIM1 oligomerization is the primary event that drives STIM1 coupling to Orai1 and activation of SOCE. It has also been reported that STIM1 redistribution into ER-PM junctions and activation of I CRAC (CRAC current) have a similar dependence on the ER [Ca 2+ ] (41) . The similarity between STIM1 and I CRAC dose-response curves indicates that the concentration of STIM1 at ER-PM junctions determines Orai1 clustering and activation. STIM2 redistributes to ER-PM junctions at higher [Ca 2+ ] ER (K ½ , 406 mM) than does STIM1 (K ½ , 210 mM) (16, 41) . Our findings demonstrated that STIM2 associates with and promotes STIM1 puncta formation in the ER-PM junctions, enabling assembly of the STIM1-Orai1 complex and gating of Orai1 by STIM1. Our data showed that this function of STIM2 is especially relevant at low stimulus intensities when there is less ER Ca 2+ depletion and STIM1 is poorly clustered. Although STIM1 diffuses and moves freely within the ER membrane in unstimulated cells, ER Ca 2+ store depletion induces aggregation and immobilization of STIM1 in ER domains that are located in proximity to the PM. It has been suggested that this stabilization of STIM1 aggregates is mediated by interaction of the polybasic domain (amino acids 671 to 685) with PIP 2 in the PM (1, 7, 24) . The formation of STIM1 puncta drives recruitment of Orai1 into the same region, resulting in interaction of the two proteins and gating of Orai1. The present study identified STIM2 as a physiologically relevant protein that recruits STIM1 to ER-PM junctions and promotes assembly of STIM1-Orai1 channel complexes, thereby tuning the agonist sensitivity of Ca 2+ signaling and cell function.
MATERIALS AND METHODS
Cell culture, RNA interference transfection, and reagents HEK293 cells were cultured in Dulbecco's minimum essential medium supplemented with 10% heat-inactivated fetal bovine serum, 1% glutamine, and 1% penicillin/streptomycin. The siSTIM1 were obtained from Dharmacon, whereas those for human STIM2 (siSTIM2) were from Life Technologies and Dharmacon. Specificity of knockdown using siSTIM1 has been reported previously (9) . Lipofectamine RNAiMAX (Life Technologies) was used for siRNA transfection alone, whereas Lipofectamine 2000 (Life Technologies) was used for all other transfections. Mock transfections of control cells were conducted using an empty vector or a scrambled siRNA. Cells were typically used 24 to 48 hours after transfection. All other reagents used were of molecular biology grade obtained from Sigma-Aldrich unless mentioned otherwise. -free experiments, cells were stimulated in SES without 1 mM CaCl 2 present in the buffer.
Constructs
TIRF and confocal microscopy TIRF microscopy was conducted using an Olympus IX81 motorized inverted microscope (Olympus) as described previously (42), using 447-, 514-, and 568-nm lasers for excitation of CFP, YFP, and Cherry, respectively; a TIRF-optimized Olympus Plan Apo 60× (1.45 numerical aperture) oil immersion objective; and Lambda 10-3 filter wheel (Sutter Instrument) containing 480-band pass (BP 40 m), 525-band pass (BP 50 m), and 605-band pass (BP 52 m) filters for emission. Images were collected using a QImaging Rolera e-mc 2 camera (Photometrics) and the MetaMorph imaging software (Molecular Devices). MetaMorph was also used to measure the line scans and fluorescence intensities of puncta before and after stimulation with CCh. These values were then plotted using the Origin 8.6 software (OriginLab). Confocal microscopy was conducted using the FluoView FV1000 confocal scanning microscope system (Olympus 
Western blotting
Cells were washed with 1× phosphate-buffered saline and lysed in radioimmunoprecipitation assay buffer supplemented with protease inhibitors (Thermo Fisher Scientific). The lysates were then centrifuged at 12,000g for 30 min at 4°C, and the supernatant was collected and analyzed by SDS-polyacrylamide gel electrophoresis and Western blotting. Antibodies recognizing STIM1 (Cell Signaling Technology), STIM2 (Cell Signaling Technology), Orai1 (GeneTex), or actin (Abcam) were used at 1:1000 dilutions.
In vivo adenoviral vector delivery and saliva collection
The generation of STIM2 fl/fl mice used in this study has been described previously (27) . Mice were about 8 weeks of age at the time of experimentation. All experiments were executed under a protocol approved by the NIDCR Animal Care and Use Committee and were done in compliance with the Guide for the Care and Use of Laboratory Animal Resources National Research Council. The mean body weight of the mice used in this study was 27.3 ± 3.94 kg for control, 32.03 ± 2.28 kg for STIM2 fl/fl , and 26.75 ± 3.46 kg for STIM2 fl/fl + Cre. Mice were anesthetized by intramuscular injection with ketamine (60 mg/kg body weight) and xylazine (8 mg/kg body weight). The adenoviral vectors AdControl or AdCRE-GFP (at 5 × 10 9 particles per gland) were administered to both submandibular glands by retrograde ductal cannulation. Saliva collections were conducted 7 to 10 days after transduction, whereby anesthetized mice were stimulated by pilocarpine (0.25 or 0.5 mg/kg body weight) that was delivered subcutaneously. Whole saliva was collected with a 75-mm hematocrit tube (Drummond Scientific) into preweighed 1.5-ml Eppendorf tubes for 5, 10, and 30 min. The tubes were then reweighed to calculate the volume of saliva collected.
Dispersion of salivary gland cells
Salivary glands were quickly excised from mice, trimmed of connective tissues, and finely minced (1-mm pieces) in a digestion medium (Eagle's minimum essential medium, Life Technologies) containing 4 kU of collagenase (Worthington) and 1% bovine serum albumin. Cells were maintained at 37°C and thoroughly gassed with 95% O 2 and 5% CO 2 until used.
Morphological assessment of salivary glands
Salivary glands were fixed in 10% buffered formalin, embedded in paraffin, and then sectioned (5-mm thickness). The tissue sections were stained with hematoxylin and eosin and then mounted in Permount. Stained sections were imaged using a QImaging QICAM Fast 1394 (Photometrics) camera and MetaMorph software (Molecular Devices) on an Olympus BX61 light microscope (Olympus).
Statistics
Data analyses were performed with Origin 8.6 (OriginLab) and GraphPad Prism (GraphPad Software). Statistical comparisons between two groups were made using the Student's t test, whereas comparisons of multiple groups were made using ANOVA, followed by Sidak multiple comparisons test. The c
2 test was used to analyze responses in cell populations. Experimental values are expressed as means ± SEM. Differences in the mean values were considered to be significant at P < 0.05. Nonlinear curve fitting of the dose-response curve was made using the Hill equation.
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